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TTTLE: A CHARGE STORAGE DEVICE 
BACKGROUIW OF THE INVENTION 

The present invention relates to a charge storage device and a method of 
nianufiEu^ture thereof. 

5 The invention has been developed primarily for use with the electrochemical 

charge storage device such as superc^acitors and will be described hereinafter with 
refCTence to that spplicatioiL It will be sq)preciated that siqiercapacitors are designated 
by terms such as ultra capacitors, electric double layer capacitors and electrochemical 
C£Q>acitors, amongst others, all of which are included within the term ""supercapacitor^ 

10 as used within this specification. 

It is known to mass produce siqpercapacitors that have specific op^tional 
characteristics that fidlwitiiin well defined ranges. Although mass production is 
advantageous fix>m a cost point of view, there is an inherent lack of flexibility. That 
is, if the desired charact^stics of a superc^acitor for a particular q>plication M 

IS outside the commonly available ranges a compromise solution is required An 
alternative is to pn)duce the desu:edstq>ercapacitor as a one off or smaUnu^ The 
costs of tiiis latter alternative are often prohibitive and, as such, rarely pursued 

Known siq^ercapacitors goierally find q>plication in power supplies such as 
uninterruptible power sillies for computers or backiq> power siqiplies for volatile 

20 memory. Accordingly, it has been conmion to optimise these superc^adtors for high 
energy density, low self-discharge rates, and low cost. 

More recentiy it has been thought that supercapacitors are theoretically 
qyplicable to high power pulsed apptications. Indeed, some attempts have been made 
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to adapt such superc^acitors as short term current sources or smks. Examples of such 
applications include internal combustion ragine starting, load power leveling for 
hybrid vehicles and a variety of pulsed communication systems. However, the success 
of tiiese superc£^acitors has been limited by factors such as a high equivalent series 

5 resistance, among others. For example, some prior art double layer capacitors make 
use of button cell or spiral wound technology. These, in tum, &11 generally in one of 
two groi;q)s, flie first gfxnxp being concerned with high power applications and the 
second with low power applications. For the second groiq>, but not the first, it has 
been possible to obtain Mg^ raergy densities. 

10 The first and second groups are broadly defined by the type of electrolyte used, 

those bemg aqueous and non-aqueous respectively. This is predominantly due to tiie 
lower resistance inherently offered by aqueous electrolytes which makes it better 
suited to high power, and hence high current, ^pUcations. That is, the low resistance 
results in lower losses for aqueous electrolytes. The trade ofi^ however, is that for 

IS these aqueous electrolytes the voltage that can be applied across a capacitive cell is 
extremely limited. 

The second gjxmp of prior art double layer capacitors suffers the convoke 
disadvantages. That is, while they provide a greater voltage window, which improves 
ttie available energy density, they also have had hig^ internal resistances which nudce 

20 them unsuitable to the high power s^Ucations. 
SIJMMARY OF THE INVENTION 
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It is an object of the present invention, at least in Hit preferred embodiments, to 
overcome or substantially ameliorate one or more of the disadvantages of the prior art, 
or at least to provide a useful ahemative. 

According to a first aspect of the mvention there is provided a charge storage 
S device including: 

a first electrode; 

a second electrode being opposed to and spaced ^art fix)m the first electrode; 
a porous separator disposed between the electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 

10 in which the electrodes are immersed; and 

a first tmninal and a second terminal being electrically connected to the first 
electrode and the second electrode respectively and both extending &om the package 
to allow octemal electrical connection to tiie respective electrodes, wherein the 
gravimetric POM of the device is greater than about 2. 1 Watts/gram. 

15 Preferably, the gravimetric FOM of the device is greater than about 2.5 

Watts/gram. More preferably, the gravimetric FOM of the device is greater than about 
3 Watts/gram. Even more preferably, the gravimetric FOM of the device is greater 
than about 3.5 Watts/gram. In some embodiments, the gravimetric FOM of die device 
is greater than about 5 Watts/gram. 

20 More preferably, the first electrode and the second electrode form a capacitive 

cell and the device includes a plurality of the cells electrically comiected in parallel 
and disposed within the package. In other embodiments, howevor, the cells are 
coimected in series. In still further ^bodiments a combination of series and parallel 
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connects are utilised. It will be appreciated that series connectioiis allow the cells to 
be ^plied to higher voltage apphcations, while parallel connections allow the cells to 
provide a higher combined capacitance for the device. The ease at which these 
dififerent connections are accommodated by the invention means that preferred 
embodiments are appUcable to a wide variety of tasks ranging fiom high power 
systems to low power systCTtis. 

In a preferred form, the maximmn operating voltage of the or each capacitive 
cell is less than about 4 Volts. More preferably, the maximum opoating voltage of 
the or each c£^acitive cell is less than about 3.5 Volts. Even more preferably^ the 
maximum operating voltage of the or each capacitive cell is less than about 3 Volts 

Preferably, the first electrode and the second electrode include a first carbon 
coating and a second carbon coating respectively wherein the surface area of carbon 
used in the coatings is greater than 20 m^/gram. 

According to a second aspect of the invention there is provided a method of 
manufacturing a charge storage device, the method including the steps of: 

providing a first electrode; 

di^osing a second electrode in opposition to and spaced apart fiom the first 
electrode; 

disposing a porous sq)arator between tilie electrodes; 

containing within a sealed package the electrodes, the separator and an 
electrolyte, wherein the electrodes are iimnersed in the electrolyte; and 

electrically connecting a first tfflninal and a second terminal to the first 
electrode and the second electrode respectively such that the terminals extending from 
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the package to allow external electrical coimection to the respective electrodes, 
wherein the gravimetric FOM of the device is greater than about 2.1 Watts/gram. 

Preferably, the gravimetric FOM of the device is greater than about 2.5 
Watts/gram. More prefi^rably, the gravimetric FOM of the device is greater than about 
5 3 Watts/gram. Even more preferably, the gravimetric FOM of the device is greater 
than about 3.5 Watts/gram. In some embodiments, the gravimetric FOM of the device 
is greater than about 5 Watts/gram. 

More preferably, the first electrode and the second electrode form a capacitive 
cell and tiie device includes a plurality of the cells electrically connected in parallel 
10 and disposed within the package. In other embodiments, however, the cells are 

connected in series. In still further embodimmts a combination of series and parallel 
connects are utilised. 

In a preferred form, the maximum operating voltage of the or each c^acitive 
cell is less than about 4 Volts. More preferably, the maximum operating voltage of 
15 the or each capacitive cell is less than about 3.5 Volts. Even more prefCTably, the 
maximum operating voltage of the or each cs^acitive cell is less than about 3 Volts 
Preferably, tiie first electrode and the second electrode include a first carbon 
coating and a second carbon coating respectively wherein the surface area of carbon 
used in the coatings is greater than 20 m^/gram. 
20 According to. a third aspect of the invention there is provided a charge storage 

device including: 

a first electrode; 

a second electrode being opposed to and spaced apart fix>m the first electrode; 
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a porous sqiarator disposed between the electrodes; 

a sealed package for contaimng the electrodes, the separator and an electrolyte 
in whidi tiie electrodes are immersed; and 

a first terminal and a second terminal being electrically connected to the first 
S electrode and the second electrode respectively and both extending from the package 
to allow external electrical connection to the respective electrodes, wherein the 
volumetric FOM of the device is greater than about 3.2 Watts/cm^. 

Preferably, the volumetric FOM of the device is greater than about 4 
Watts/cm'^. More preferably, the volumetric FOM of the device is greater than about 5 
10 Watts/cm^- Even more preferably, the volumetric FOM of the device is greater than 
about 7 Watts/cm^* In some embodiments, the volumetric FOM of the device is 
greater than about 8 Watts/cm^. 

More preferably, the first electrode and the second electrode form a capacitive 
cell and the device includes a plurality of the cells electrically connected in parallel 
15 and disposed within the package. In other embodiments, however, the cells are 

connected in series. In still fiirther embodiments a combination of series and parallel 
connects are utilised. It will be appreciated that series connections allow the cells to 
be applied to highw voltage applications, while parallel connections allow tiie cells to 
provide a higher combined capacitance for the device. The ease at which these 
20 differ^t connections are accommodated by the invention means that preferred 
embodiments are s^licable to a wide variety of tasks ranging fix>m hi^ power 
systems to low power systems. 
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In a prefeued form, the maximum operating voltage of tiie or each capacitive 
cell is less than about 4 Volts. More preferably, the maximum operating voltage of 
the or each capacitive cell is less tiian about 3.5 Volts. Even more preferably, the 
maximum operating voltage of the or each capacitive cell is less than about 3 Volts 
S Preferably, the first electrode and the second electrode include a first carbon 

coating and a second caibon coating respectively wherein tiie surface area of carbon 
used in the coatings is greater than 20 m^/gram. 

According to a fourth aspect of the invention tiiere is provided a method of 
manufacturing a charge storage device, the method including the steps of: 
10 providing a first electrode; 

disposing a second electrode in opposition to and spaced apart fix>m the first 
electrode; 

disposing a porous separator between the electrodes; 

containing within a sealed package the electrodes, the separator and an 
15 electrolyte, wherein the electrodes are immersed in the electrolyte; and 

electrically connecting a first terminal and a second terminal to the first 
electrode and the second electrode respectively such that the terminals extending firom 
the package to allow external electrical connection to the respective electrodes, 
wherein the volumetric FOM of tiie device is greater tiian about 32 Watts/cm^. 
20 Preferably, the volumetric FOM of the device is greater than about 4 

Watts/cm^. More preferably, tiie volumetric FOM of the device is greater than about 5 
Watts/cm^. Even more preferably, the volumetric FOM of the device is greats than 
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about 7 Watts/cm^. In some embodiments, the volumetric FOM of tbe device is 
greater than about 8 Watts/cm^. 

According to a fifOi aspect of the invmtion th^ is provided a charge storage 
device including: 
S a first electrode having a first conductive substrate; 

a first carbon layer supported on the first substrate and being formed from a 
carbon having a surface area greater than 400 mVgram; 

a second electrode having a second conductive substrate; 
a second carbon layer supported on the second substrate and being formed 
10 firom a caibon having a surface area greater than 400 m^/gram; 
a porous separator disposed between the electrodes; 
a sealed padcage for containing the electrodes, the separator and an organic 
electrolyte in which the electrodes are immersed, wherein the first and second layers 
are opposed and spaced apart; and 
IS a first terminal and a second terminal being electrically connected to the first 

electrode and the second electrode respectively and both ^ctending fix>m the package 
to allow external electrical connection to the respective electrodes, wherein the 
volumetric FOM of the device is greater than about 1.1 Watts/cm^. 

According to a sixth aspect of the invention there is provided a method of 
20 manufacturing a charge storage device, the method including the steps of: 
providing a first electrode having a first conductive substrate; 
siqiporting a first carbon layer on the first substrate, the first layer being 
formed bom a caibon having a surface area greater than 400 m^/gram; 
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providing a second electrode having a second conductive substrate; 

supporting a second carbon layer on the second substrate, the second layer 
being formed &om a carbon having a surface area greater than 400 m^/gram; 

disposing a porous separator between the electrodes; 
5 containing the electrodes, the separator and an organic electrolyte in which the 

electrodes are immersed in a sealed package, wherein the first and second layers are 
opposed and spaced apart; and 

electrically connecting a first terminal and a second terminal to the first 
electrode and the second electrode respectively such that the terminals both extend 
10 bom the package to allow external electrical connection to the respective electrodes, 
and wherein the volumetric FOM of the device is greater than about 1.1 Watts/cm^. 

According to a sevmth aspect of the invention there is provided a charge 
storage device including: 

a first electrode; 

IS a second electrode being opposed to and spaced apart firom the first electrode; 

a porous sqiarator disposed between tiie electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

a first terminal and a second t^ninal being electrically connected to the first 
20 electrode and the second electrode respectively and both extending firom the package 
to allow external electrical connection to the respective electrodes, wherein the 
response time (Tq) of the device is less than about 0.09 seconds. 
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Preferably, To is less flian about 1 seconds. More preferably, is less than 
about 10'^ seconds. Even more preferably, is less than about 10"^ seconds. In some 
embodiments. To is less Hxm about 5x10'^ seconds. 

According to an eighth aspect of the invention there is provided a method of 
S manufacturing a charge storage device, the method including the steps of: 
providing a first electrode; 

providing a second electrode being opposed to and spaced apart from the first 
electrode; 

disposing a porous sq)arator between the electrodes; 
10 containing the electrodes, the separator and an electrolyte in which the 

electrodes are immersed a sealed package; and 

electrically connecting a first terminal and a second temiinal to the first 
electrode and the second electrode respectively such that the terminals esctending fit>m 
the package to allow external electrical connection to the respective electrodes, 
15 wherein the response time (To) of the device is less than about 0.09 seconds. 

Preferably, To is less than about 10'^ seconds. More preferably. To is less than 
about lO'"^ seconds. Even more preferably. To is less than about 10"^ seconds. In some 
embodiments, To is less than about 5 x 10'^ seconds. 

According to a ninth aspect of the invention there is provided a charge storage 
20 device including: 

a first electrode; 

a second electrode being opposed to and spaced apart fiom the first electrode; 
a porous sq)arator disposed between the electrodes; 
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a sealed package for contaming the electrodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

a first terminal and a second t^minal being electrically connected to the first 
electrode and the second electrode respectively and both extending from the package 
5 to allow external electrical connection to the respective electrodes, wherein the 
gravimetric power maximum of the device is greater than about 12.5 Watts/gram. 

Preferably, the gravimetric power maximum of the device is greater than about 
1 5 Watts/gram. More preferably, the gravimetric power maximum of the device is 
greater than about 17 Watts/gram. Even more preferably, the gravimetric power 
10 maximum of the device is greater than about 20 Watts/gram. In some embodiments 
the gravimetric pow^ maximum of the device is greater than about 26 Watts/gram. 

According to a tenth aspect of the invention there is provided a method of 
manufacturing a charge storage device, the method including the steps of: 

providing a first electrode; 
IS disposing a second electrode in opposition to and spaced apart from the first 

electrode; 

di^sing a porous separator between the electrodes; 

containing within a sealed package the electrodes, the separator and an 
electrolyte, wherein the electrodes are imm^ed in the electrolyte; and 
20 electrically connecting a first terminal and a second terminal to the first 

electrode and the second electrode respectively such that the terminals extending fixmi 
the package to allow external electrical connection to the respective electrodes, 
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wherein the gravimetric power maximum of the device is greater than about 12«S 
Watts/gram. 

Preferably, the gravimetric power maximimi of the device is greater than about 
1 5 Watts/grana. More preferably, the gravimetric power maximum of the device is 
greater than about 17 Watts/gram. Even more preferably, the gravimetric power 
rpaYimuTn of the device is greater than about 20 Watts/gram. In some embodimrats 
the gravimetric pow^ maximum of the device is greater than about 26 Watts/gram. 

According to an elevCTth aspect of the invention there is provided a charge 
storage device including: 

a first electrode; 

a second electrode being opposed to and spaced apart fi^om the first electrode; 
a porous separator disposed between the electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

a first terminal and a second terminal being electrically connected to the first 
electrode and the second electrode respectively and both extending &om the package 
to allow external electrical connection to the respective electrodes, wherein the 
volimietric power maximum of the device is greater than about 35 Watts/cm^. 

According to a twelfth a^ect of the invention there is provided a method of 
manufacturing a charge storage device, the method including the steps of: 

providing a first electrode; 

disposing a second electrode in opposition to and spaced apart fi'om the first 
electrode; 
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di^osing a porous separator between the electrodes; 

containing witbin a sealed package the electrodes, the separator and an 
electrolyte, wherein the electrodes are immersed in the electrolyte; and 

electrically connecting a first terminal and a second tominal to the first . 
electrode and the second electrode respectively such that the terminals extending fiom 
the package to allow external electrical coimection to the respective electrodes, 
wherein the volumetric power maximum of the device is greater than about 35 
Watts/cm^. 

According to a thirteenth aspect of the invention there is provided a charge 
storage device including: 
a first electrode; 

a second electrode being opposed to and spaced iqpart fi-om the first electrode; 
a porous separator di^osed between the electrodes; 

a sealed package for containing the el^trodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

a first terminal and a second tominal being electrically coimected to the first 
electrode and the second electrode respectively and both extending fix>m tiie pacdcage 
to allow external electrical coimection to the respective electrodes, wherein the time 
constant of the device is less than about 0.03 seconds. 

Preferably, the time constant of the device is less than about 10*^ seconds. 
More preferably, the time constant of the device is less than about 10*^ seconds. Even 
more preferably, the time constant of the device is less than about 10*^ seconds. In 
some embodiments the time constant of the device is less than about 10"^ seconds. 
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According to a fourteoifli aspect of tiie invention tiiiere is provided a method of 
manufacturing a charge storage device, the method including the steps of: 
providing a first electrode; 

providing a second electrode being opposed to and spaced spart from the first 
S electrode; 

disposing a porous separator between flie electrodes; 
containing the electrodes, the separator and an electrolyte in vMch the 
electrodes are immersed a sealed package; and 

electrically connecting a first terminal and a second terminal to the first 
10 electrode and the second electrode respectively such that the terminals extending from 
the package to allow external electrical coimection to the respective electrodes, 
wherein the time constant of the device is less than about 0.03 seconds. 

Preferably, the time constant of the device is less than about 10'^ seconds. 
More preferably, the time constant of the device is less than about 10*^ seconds. Even 
IS more preferably, the time constant of the device is less than about 10*^ seconds. In 
some embodiments the time constant of the device is less than about 10"^ seconds. 

According to a fifteenth aspect of the invention there is provided a charge 
storage device including: 

a plurality of first sheet electrodes having respective first tabs extending 
20 therefrom; 

a plurahty of second sheet electrodes alternated with the first electrodes and 
having respective second tabs extending therefrom; 

a porous separator means disposed between adjacent electrodes; and 
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a sealed package for containing the electrodes, the separator means and an 
electrolyte, whoreby the first tabs are electrically connected to a first terminal and the 
second tabs are electrically connected to a second terminal, both the first and second 
terminals extending fix>m the package to allow external electrical connection to the 
5 respective electrodes. 

According to a sixteenth aspect of the invention there is provided a method of 
manufacturing a charge storage device, the method including the steps of: 

providing a plurality of first sheet electrodes having respective first tabs 
extending therefrom; 

10 alternating a plurality of second sheet electrodes with the first electrodes, tiie 

second sheet electrodes having respective second tabs extending therefrom; 
disposing a porous separator means between adjacent electrodes; 
containing witiiin a sealed package the electrodes, the separator means and an 
electrolyte; 

15 electrically coimecting the first tabs to a first terminal and the second tabs to a 

second terminal, wherein both tiie first and second terminals extCTiding firom the 
package to allow external electrical coimection to the respective electrodes. 

According to a seventeenth aspect of the invention there is provided a charge 
storage device including: 
20 a first sheet electrode; 

a second sheet electrode disposed adjacent to the first electrode, whereby the 
electrodes are folded back upon their respective lengths; 

a porous separator disposed between adjacent electrodes; and 
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a sealed package for containing the electrodes, the separator and an electrolyte, 
whereby the first electrode is electrically connected to a first terminal and the second 
electrode is electrically connected to a second terminal, both the first and second 
terminals extending fi*om the package to allow external electrical connection to the 
respective electrodes. 

According to an eighteratii aspect of the invention there is provided a method 
of manufacturing a charge storage device, the method including the steps of: 

providing a first sheet electrode; 

disposing a second sheet electrode adjacent to the first electrode; 

folding the electrodes are back upon their respective lengths; 

disposing a porous separator between adjacent electrodes; 

sealing within a package the electrodes, the separator and an electrolyte; and 

electrically connecting the first electrode to a first terminal and the second 
electrode to a second terminal, wherein both the first and second tmninals extend 
fix)m the package to allow extemal electrical connection to the respective electrodes. 

According to a nineteenth aspect of tiie invention there is provided a multiple 
charge storage device including: 

a first electrode being electrically connected to a first terminal; 

a second electrode disposed adjacent the first electrode and being electrically 
connected to a second tCTninal; 

a third electrode disposed adjacent to tibie first electrode and being electrically 
connected to the second terminal; 

one or more porous separators disposed between adjacent electrodes; and 
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a package for containing the electrodes, the one or more separators and an 
electrolyte, whereby the terminals extmd from the package to allow external electrical 
connection to the respective electrodes. 

According to a twentieth aspect of the invention there is provided a method of 
5 manufacturing a multiple charge storage device, the method including the slsps of: 

providing a first electrode; 

electrically connecting the first electrode to a first terminal; 
disposing a second electrode adjacent the first electrode; 
electrically connecting the second electrode to a second terminal; 
10 disposing a third electrode adjacent to the first electrode; 

electrically connecting the third electrode to the second terminal; 
disposing one or more porous separators between adjacent electrodes; and 
containing within a package the electrodes, the one or more separators and an 
electrolyte, whereby the terminals extmd from the package to allow external electrical 
15 coimection to the respective electrodes. 

According to a twenty first aspect of the invention ihcto is provided a multiple 
charge storage device including: 

a package defining a sealed cavity containing an electrolyte; 
two spaced apart capacitor terminals each extending between a first end 
20 located within the cavity and a second end external to the package; 

a first cq>acitor cell located within the cavity and being in contact with the 
electrol3rte, wherein the first cell has both a first predetennined time constant and two 
cell temiinals which are electrically coimected to respective capacitor terminals; and 
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a second capacitor cell located within the cavity and being both in contact with 
the electrolyte and maintained in a spaced ^art configuration with respect to the first 
cell, the second cell having both a second predetermined time constant and two cell 
terminals which are electrically connected to respective capacitor temiinals. 
S According to a twenty second aspect of the invention there is provided a 

method of manu&cturing a multiple charge storage device including the steps of : 
containing an electrolyte in a sealed cavity defined by a package; 
providing two spaced apart capacitor terminals each extending between a first 
end located within the cavity and a second end external to the package; 
10 locating a first capacitor cell within the cavity and in contact with the 

electrolyte, wherein the first cell has both a first predetermined time constant and two 
cell temiinals which are electrically connected to respective capacitor temiinals; and 

locating a second capacitor cell within the cavity and in contact with the 
electrolyte while being maintained in a spaced apart configuration with respect to the 
IS first cell, the second cell having both a second predetermined time constant and two 
cell temiinals which are electrically connected to respective capacitor terminals. 

According to a twenty third aspect of the invration there is provided a multiple 
charge storage device including: 

a first sheet electrode being electrically connected to a first terminal and 
20 having a first coating on at least one side thereof^ the coating being of predetermined 
varying thickness; 

a second electrode disposed adjacent to the first electrode and being 
electrically connected to a second terminal; 
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one or more porous separators disposed between adjacent electrodes; and 

a package for containing the electrodes, the one or more separator and an 
electrolyte, whCTeby the teraiinals extend from the package to allow external electrical 
connection to the respective electrodes. 

According to a twenty fourth aspect of the invention there is provided a 
method of manufacturing a multiple charge storage device, the method including the 
steps of: 

providing a first sheet electrode; 

electrically connecting the first electrode to a first terminal; 

applying a first coating on at least one side of the first electrode, the coating 
being of predetermined varying thickness; 

disposing a second electrode adjacent to the first electrode; 

electrically connecting the second electrode to a second terminal; 

disposing one or more porous separators between adjacent electrodes; and 

containing within a package the electrodes, the one or more separator and an 
electrolyte, whereby the temiinals extend fix>m the package to allow external electrical 
connection to the respective electrodes. 

According to a twenty fifth aspect of the invention there is provided a multiple 
charge storage device including: 

a first sheet electrode being electrically connected to a first terminal and 
including a first coating on one side thereof and a second coating on the other side 
thereof the first coating being of a first predetermined thickness and the second 
coating being of a second predetermined thickness; 
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a second sheet electrode being electrically connected to a second terminal and 
disposed adjacent to the one side of the first electrode, wherein the second electrode 
includes a third coating on one side thereof of a third predetermined thickness, the 
third coating being opposed to the first coating; 
S a third electrode being electrically connected to the second terminal and 

disposed adjacent to the other side of the first electrode, wherein the third electrode 
includes a fourth coating on one side thereof of a fourth predetermined thickness, the 
fourth coating being opposed to the second coating; 

one or more porous separators disposed between adjacent electrodes; and 
10 a package for containing the electrodes, the one or more separators and an 

electrolyte, whereby the terminals extend from the package to allow external electrical 
connection to the respective electrodes. 

According to a twenty sixth aspect of tiie invention there is provided a method 
of manufacturing a multiple charge storage device, the method including the steps of: 
IS providing a first sheet electrode; 

electrically coimecting the first electrode to a first tCTninal; 
applying a first coating to one side of the first electrode and a second coating 
to the other side, the first coating being of a first predetermined tiiickness and tiie 
second coating being of a second predetemiined thickness; 
20 applying a third coating on one side of a second electrode, the third coating 

being of a third predetemiined tiiickness; 

disposing the second sheet electrode adjacent to the first electrode such that the 
third coating is opposed to the first coating; 
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electrically connecting the second electrode to a second terminal; 
applying a fourth coating of a fourth predetermined thickness to a third 
electrode; 

disposing the third electrode adjacent to the first electrode such that the fourth 
5 coating is opposed tot he second coating; 

electrically connecting the third electrode to the second t^minal; 

disposing one or more porous separators between adjacent electrodes; and 

containing within a package the electrodes, the one or more separators and an 
electrolyte, whereby the terminals extend from the package to allow external electrical 
10 connection to the respective electrodes. 

According to a twenty seventh aspect of the invaition thare is provided 
electrodes for use in a siq>ercapacitor, the electrodes including: 

a substrate; and 

carbon particles mixed with a suspension of protonated carboxy-methyl- 
1 s cellulose coated on the substrate. 

According to a twenty eighth aspect of the invention there is provided a 
siq>erc^acitor including: 

at least one pair of electrodes having a mixture of carbon particles and a 
suspension of protonated carboxy-methyl-cellulose coated on facing surfaces of the at 
20 least one pair of electrodes; 

a separator positioned betwera said feeing sur&ces of said at least one pair of 
electrodes; and 

an electrolyte wetting the separator. 
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According to a twenty ninth aspect of the invention there is provided a charge 
storage device including: 

a first electrode having a first layer formed &om a non-foamed caifoon; 
a second electrode having a second layer formed fix>m a non-foamed carbon, 
S the second layer being opposed to and spaced apart fi-om the first layer, 
a porous separator disposed betwten the electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

a first terminal and a second terminal being electrically coimected to the first 
10 electrode and the second electrode respectively and both extending firom the package 
to allow external electrical coimection to the respective electrodes, whmm the sur&ce 
area of the carbon used to form the first and second layers is greater than 20 mVgram. 

According to a thirtieth aspect of the invention thore is provided a method of 
manufacturing a charge storage device, the method including the steps of: 
15 coating a first electrode with a first layer formed fix>m a non-foamed carbon; 

coating a second electrode with a second layer formed fix)m a non-foamed 

carbon; 

opposing the first and second layers in a spaced apart configuration; 

disposmg a porous separator between the electrodes; 
20 collectively containing the electrodes, the separator and an electrolyte in which 

the electrodes are immersed in a sealed package; and 

electrically connecting a first terminal and a second terminal to the first 
electrode and the second electrode respectively such that the electrodes both extend 
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firom fhe package to allow external electrical connection to the respective electrodes, 
wherein the surface area of the carbon used to form the first and second layers is 
greater than 20 mVgram. 

According to a thirty first aspect of the invention there is provided a charge 
5 storage device including: 

a first electrode having a first substrate and a first carbon layer supported by 
fhe substrate, the layer being formed fix>m a carbon having a surface area of at least 
about 400 m^/gram; 

a second electrode having a second substrate and a second carbon layer 
10 siqiported by the second substrate, the second layer being formed fix>m a carbon 

having a surface area of at least about 400 m^/gram, the second layer being opposed to 
and spaced apaxi &om the first layer, 

a porous separator disposed between the electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 
IS in which the electrodes are immersed; and 

a first terminal and a second tominal being electrically connected to the first 
electrode and the second electrode respectively and both extoiding fix>m the package 
to allow extemal electrical connection to the respective electrodes, wh^ein the 
gravimetric power maximum of the device is greater than about 4.8 Watts/gram. 
20 Preferably, the surface area of the carbon is at least 1200 m^/gram. More 

preferably, at least one of the layers contains more than one type of carbon. 

According to a thirty second aspect of the invention there is provided a method 
of manufacturing a charge storage device, the method including the steps of: 



wo 00/34964 PCT/AU99/01081 

-24- 

pioviding a first electrode having a first substrate and a first caibon layer 
siq>ported by the substrate, the first carbon layer being formed fiiom a caifoon having a 
surface area of at least about 400 mVgram; 

providing a second electrode having a second substrate and a second carbon 
S layer supported by the second substrate, the second layer being formed fix)m a carbon 
having a surface area of at least about 400 mVgram, the second lay^ being opposed to 
and spaced q)art &om the first layer; 

disposing a porous separator between the electrodes; 

containing the electrodes, the separator and an electrolyte in which the 
10 electrodes are immersed in a sealed package; and 

electrically connecting a first terminal and a second terminal to the first 
electrode and the second electrode respectively such that both the terminals extoiding 
firom the package to allow external electrical connection to the respective electrodes, 
wherein &e gravimetric power maximum of the device is greater than about 4.8 
15 Watts/granL 

Preferably, the surface area of the caibon is at least 1200 m^/gram. More 
preferably, at least one of the layers contains more tiian one type of carbon. 

According to a thirty third aspect of the invention there is provided an energy 
storage device including: 
20 a housing; 

a first and a second opposed electrodes having respective first and a second 
charge storage capacities, the electrodes being disposed within &e housing and the 
first charge storage capacity being greater than the second charge storage capacity; 
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a separator intennediate tiie electrodes; and 

an electrolyte disposed within the housing for transferring charge with the 
electrodes. 

Preferably, the first electrode includes an aluminium sheet having a first carbon 
5 coating on one side thereof and the second electrode includes an aluminium sheet 
having a second caifoon coating on one side thereof wherein the first and the second 
coatings are opposed, More preferably, the sheets are substantially dimensionally 
equivalent and the charge storage capacities vary due to differences between the first 
coating and the second coating. Ev^ more preferably, the first coating is thicker than 
10 the second coating. In other embodiments, however, the specific capacitance of the 
first coating is greato* than that of the second coating. That is, the first coating 
includes a carbon which provides a predetermined capacitance per gram, which is 
greater than that of the carbon included within the second coating. In further 
embodiments the difiference in charge storage capacities is due to difference in the 
15 loading of the coatings, expressed in milligrams of coating per cm^, while in other 
embodiments it is due to difTerences in active surface area of the caibon per unit area 
of electrode. 

Preferably, the charge storage capacities are different due to a difference in 
surface area of the first and second electrodes. 
20 In a preferred form the ratio of the first charge storage capacity and the second 

charge storage capacity is in the range of about 9:7 to 2:1. More i>referably, the ratio 
is in the range of about 5:3 to 2:1. 
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In a preferred form the difference in fhe first and second charge storage 
capacities is due to the second electrode including a filler material. In some 
embodiments this filler material is a lower surface area carbon, while in other 
embodiments use is made of metal fibres or carbon nano-tubes. More preferably, tiie 
S filler material is conductive. Even more preferably, the first and the second electrodes 
ore of about the same nominal thickness notwithstanding tiie inclusion of the fiUer 
material. 

According to a thirty fourth aspect of the invention there is provided a method of 
producing an energy storage device having a housing, the method including the steps 
10 of: 

disposing within the housing a first and a second opposed electrodes having 
respective first and a second charge storage capacities wherein the first charge storage 
capacity being greats than the second charge storage capacity; 
disposing a sq^arator intermediate Ae electrodes; and 
IS providing an electrolyte within the hoiising for transferring charge with the 

electrodes. 

Preferably, the first electrode includes an aluminium sheet having a first carbon 
coating on one side thereof and the second electrode includes an aluminium sheet 
having a second caibon coating on one side thereof wherein the method includes the 
20 fiirther step of opposing the first and the second coatings. More preferably, the sheets 
are substantially dimensionally equivalent and the method include the fiirther step of 
providing differences between the first coating and the second coating to provide the 
variation in the charge storage capacities. £vm more preferably, the first coating is 
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fhicker than ihc second coating. In other CTibodiments, however, tiie specific 
capacitance of the first coating is greater than that of the second coating. 

According to a thirty fifth aspect of the invention there is provided a charge 
storage device mcluding: 
S a housing; 

a first sheet el^trode disposed within the housing; 

a second sheet electrode disposed within the housing adjacent to and opposed 
with the first sheet electrode; 

a separator for enveloping substantially all of the first electrode and for 
10 maintaining the electrodes in a spaced apart configuration; 

an electrolyte disposed intermediate the electrodes; and 

two terminals extending fix)m the respective electrodes and terminating outside 
the housing for allowing external electrical connection to the electrodes. 

Preferably, the separator includes two opposed separator sheets which are 
IS connected along at least one common edge and the first electrode is disposed between 
the separator sheets. More preferably, the separator sheets are integrally formed. 
Even more preferably^ the separator sheets are integrally fomied along the common 
edge. 

Preferably also, each separator sheet includes a first edge and a second edge 
20 spaced apart fit>m the first, both of which extend away firom the common edge. More 
preferably, each separator sheet also includes a fliird edge which extends between the 
first edge and the second edge, wherein the first edges are opposed and joined together 
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and the secx>nd edges are opposed and joined together. Bvca more preferably, flie 
third edges are opposed 

In a preferred fonn, the first electrode includes a first sub-sheet and a second 
sub-sheet which is opposed to the first. More preferably, the first and the second sub- 
sheets are opposed. Even more preferably, each of the first and second sub-sheets are 
joined along a common edge. Preferably also, the common edge between the first and 
second sub-sheets is disposed adjacent to the common edge between two opposed 
separator sheets. 

According to a thirty sixth aspect of the invention th^e is provided a method of 
constmcting a charge storage device having a housing, the method including the steps 
of: 

disposing at least two opposed sheet electrodes within the housing; 

enveloping substantially all of a first one of the electrodes with a separator for 
maintaining the electrodes in a spaced apart configuration; 

disposing an electrolyte intermediate the electrodes; and 

providing two terminals lending fix>m the respective electrodes and 
terminating outside the housing for allowing external electrical connection to the 
electrodes. 

Preferably, the separator includes two opposed separator sheets connected along 
at least one common edge and the method includes the further step of disposing the 
first electrode between the separator sheets. More preferably, the separator sheets are 
integrally formed Even more preferably, the separator sheets are integrally formed 
along the common edge. 
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Preferably also, each separator sheet includes a first edge and a second edge 
spaced apart from the first, both of which extend away from the common edge. More 
pref^ably, each separator sheet also includes a third edge which extends between the 
first edge and the second edge, wherein tiie method includes the further step of joining 
S together the first edges and joining together the second edges. Even more preferably, 
the third edges are opposed. 

According to a thirty seventh aspect of the invention there is provided a charge 
storage device including: 

two opposed electrodes having respective coatings of carbon particles, the 
10 particles having a predetermined nominal diameter and the coatings having of a 
thickness greater than but in the order of the nominal diameter, 
a porous sq>arator disposed between the electrodes; 

a sealed package for containing the electrodes, the separator and an electrolyte 

in which the electrodes are immersed; and 
IS a first terminal and a second terminal being electrically connected to the first 

electrode and the second electrode respectively and both extrading from the package 

to allow external electrical connection to the respective electrodes. 

Preferably, the predetermined nominal diameter is less than about 8 microns 

and the coating thickness is less ibm 100 microns. More preferably, the 
20 predetermined nonnnal diameter is less than about 6 microns and the coating thickness 

is less than about 36 microns. Even more preferably, the predetCTnined nominal 

diameter is less than about 2 microns and the coating thickness is less &an about 6 

microns. 
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According to a thirty eighth aspect of tiie invention there is provided a method 
of manufacturing a charge storage device, the method including the steps of: 

opposing two electrodes having respective coatings of caibon particles, the 
particles having a predetemiined nominal diameter and the coatings having of a 
thickness greater than hut m the order of the nominal diameter; 
disposing a porous separator between the electrodes; 
containing in a sealed package the electrodes, the separator and an electrolyte 
in which the electrodes are immersed; and 

electrically connecting a first terminal and a second tmninal to the first ^ 
electrode and the second electrode respectively for extending &om the package to 
allow external electrical connection to the respective electrodes. 

Unless the context clearly requires otherwise, throughout the description and 
the claims, the words 'comprise', 'comprising', and the like are to be construed in an 
inclusive sense as opposed to an exclusive or exhaustive SGsnsc; that is to say, in the 
sense of "including, but not hmited to". Additionally, the words 'includes', 
^including' and the hke are used interchangeably with tiie words 'coniprise% 
'comprising', and the like. 
BRIEF DESCRIFnON OF THE DRAWINGS 

Figure 1 is a perspective view of a charge storage device according to the 
invention in the form of a supercapacitor, 

Figure 2 is a schematic view of an electrode configuration according to a first 
embodiment of the invention; 

Figure 3 is a schematic side view of a sheet electrode; 
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Figure 4 is a schematic plan view of a charge storage device according to 
another aspect of the invention utilising an iaterleaved plurality of the sheet electrodes 
of Figure 3; 

Figure 5 is a schematic fix>nt view of an alternative superci^acitor according to 
5 the invention; 

Figure 6 is a schematic left hand side view of the supercapacitor of Figure 5; 

Figure 7 is a schematic right hand side view of the supercapacitor of Figure 5; 

Figure 8 is a schematic front view of a further alternative superc^acitor 
according to die invention; 
10 Figure 9 is a schematic side view of the siq>ercapacitor of Figure 8; 

Figure 10 is a schematic ftont view of another supercapacitor according to tiie 
invention; 

Figure 1 1 is a schematic side view of the supercapacitor of Figure 10; 
Figure 1 1 A is a schematic cross sectional of the supercapacitor of Figure 10; 
15 Figure 12 is a gr^h of the gravimetric FOM versus for specific examples of 

tiie invention; 

Figure 13 is a graph of tiie volumetric FOM versus To for specific example of 
the invention; 

Figure 14 is a graph of the gravunetric power maximum versus time constant 
20 for the specific examples of the invention; 

Figure 15 is a graph of the volumetric power maximum versus time constant 
for specific examples of the invention; 

Figure 1 6 is a table illustrating the scalabiUty of the invention; 
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Figure 1 7 is a table iUustrating parameters of supercq>acitors of the present 
invention as well as some prior art superc^acitors; 

Figure 1 8 is a schematic cross sectional view of a supercapacitor according to 
ano&er aspect of die invention; 
S Figure 19 is a schematic cross sectional view of a supercapacitor according to a 

further aspect of the invention; 

Figure 20 is a Table illustrating further examples of supercapacitors made in 
accordance with the invention; 

Figure 21 is a schematic cross section of a supercapacitor according to one 
10 embodiment of the inv^tion; 

Figure 22 is a plan view of a separator for the supercapacitor of Figure 21; 
Figure 23 is a schematic plan view of one of the electrodes of the superc£q>acitor 
of Figure 21; 

Figure 24 is a schematic perspective view of an electrode assembly including the 
15 sqparator of Figure 22 and the electrode of Figure 23; and 

Figure 25 is a schematic perspective view of the assembly of Figure 24 nested 
witbm a like electrode to that shown in Figure 23. 
DETAILED DESCRIPTION OF THE INVENTION 

According to a first aspect of the invention there is provided a charge storage 
20 device including: 

a first electrode; 

a second electrode being opposed to and spaced apart &om the first electrode; 
a porous separator disposed between the electrodes; 
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a sealed package for containing the electrodes, the separator and an electrolyte 

in which the electrodes are immersed; and 

a first terminal and a second tmninal being electrically coxmected to the first 

electrode and the second electrode respectively and both extending from the package 
5 to allow external electrical connection to the respective electrodes, wherein the 

gravimetric FOM of the device is greater than about 2.1 Watts/gram. 

It will be ^appreciated that the gravimetric FOM is a figm^ of merit more 

qjpropriate for use with energy storage devices intended for pulse power sqjplications. 

That is, such applications are by necessity frequency dependent and, as such, the 
10 calculation of the figure of m^t involves first identifying the firequency 4 at which 

the impedance of the storage device reaches a -45^ phase angle. A reciprocal of 

then provides a characteristic response time for the storage device. The value of 

the imaginary part of the inipedance Z" at 4 is used to calculate the energy Eo that the 

device is able to provide at that frequency. More particularly : 
15 Eo-ViCV^ 

where C = -1/(2 it 4 Z'*) and V is the rated voltage of the device. The gravimetric 

figure of merit is then calculated by dividing Eo by the mass of the device and by Tq. 

That is, 

gravimetric FOM = Eo /(m.To) 
20 The gravimetric figure of merit has been suggested by John R. Miller in a 

paper entitled ^Tulse Power Performance of Electrochemical Capacitors: Technical 
Status of Present Commercial Devices" for the **8th International Seminar on Double 
Lay^ Capacitors and Similar Energy Storage Devices'", De^eld Beach, Florida, 
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December 7-9, 1998. The teachings of and disclosure within that paper are 
incorporated herein by way of cross ref^^ce. 

Also detailed in the Miller paper is the calculation of a volumetric figure of 
merit (volumetric FOM) which is based iq>on £o divided by both To and the volume of 

5 the device. The volumetric FOM is exprrased in terms of Watts/<an^ 

These figures of merit provide a different characterisation of storage devices 
which is more in keeping with the fi*equency dependent nature of pulse power and 
oth^ such applications to which the devices are being appUed. It should also be noted 
that the performance of the devices can not be adequately explained by the hitherto 

10 utilised simple RC model. Such simple models do not account for the firequency 
dependent nature of either pulsed or high power applications, whereas the FOM used 
to characterise the present invention is a parameter directly relevant to such 
applications. 

Preferably, the first electrode includes a first substrate and a first carbon layer 
IS supported by the substrate, and the second electrode includes a second substrate and a 
second carbon layer supported by the second substrate, wherein flie first and second 
carbon layers are opposed and include a surface area of at least 400 m Vgram and the 
gravimetric FOM of the device is greater than about 1 Watts/gram. 

It will be appreciated that measurraients herein of surface area that are 
20 expressed in mVgram are obtained from Nitrogen BET techniques. 

More preferably, the sur&ce area of the carbon layers are at least 1200 
m^/gram. Even more preferably, at least one of the carbon layers contains more than 
one type of carborL 
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Even more prefiarably, fhe caibon layers are a mixture of particles of high 
surface area carbon and highly conductive carbon in a ratio of about 2.5:1 combined 
with a suspension of protonated carboxy methyl cellulose (CMC), It will be 
appreciated, however, that o&er embodiments make use of o&er binders. For 

S example, another such binder is sodium CMC. 

Referring now to Figure 1, tiiere is illustrated one embodiment of an en^gy 
storage device according to the invention in the fomi of a supercapacitor 1. 
Supercapacitor 1 is packaged in a cylindrical housing 2 which extends axially between 
a first end 3 and a second spaced spart end 4. In other embodiments differently 

10 configured housings are used. 

The housing has a cylindrical sidewall 6 and, disposed adjacent to respective 
ends 3 and 4, a circular top 7 and base 8. All adjacent edges of the base, sidewall and 
top are sealingly engaged. In this embodiment housing 2 is fomied fix>m metal and 
top 7 and base 8 are ses^gly adhered to sidewall 6. 

15 Top 7 includes two diametrically spaced apart ports 9 and 10 for sealingly 

receiving respective terminals 11 and 12. The temiinals extrad firom within housing 2 
where they are electrically connected to respective ones or sets of electrodes of 
siq)ercapacitor 1 . Although a large numb^ of possible electrodes are used in various 
embodiments of the invention, the most preferred will be discussed in more detail 

20 below. 

Terminals 1 1 and 12 are sealingly retained within the respective ports by 
rabbCT seals 13 and 14. 
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A first preferred electrode configuration is illustrated in Figure 2. More 
particularly, in this embodiment, superc^acitor 1 includes a plurality of first sheet 
electrodes 21 having respective first tabs 22 extending fherefix>m. A plurality of like 
second sheet electrodes 23 are alternated with electrodes 21 and have respective 

5 second tabs 24 extending therefrom. A plurality of porous sheet sq>arators 25 is 
disposed between the adjacent electrodes. As described witii reference to Figure 1, 
housing 2 contains electrodes 21 and 23, sq)arators 25 and an electrolyte (not shown). 
Tabs 22 are electrically coimected to terminal 1 1 and tabs 24 are electrically comiected 
to terminal 12 to allow external electrical connection to tiie respective electrodes. 

10 It will be appreciated that although in Figure 2 thore are illustrated two 

electrodes 21 and two electrodes 23, the actual embodiment includes a far greater 
numb^ of such sheet electrodes which are all interconnected to provide a 
predetermined capacitance. The invention, in this form, is particularly advantageous 
in that the modular unit of capacitance - one electrode 21, one electrode 23 and an 

15 intermediate separator 25 - is easily mass produced and combined witii a plurality of 
like units to provide the necessary capacitance for a particular implication. 
Accordingly, a supercapacitor having specific performance characteristics is able to be 
produced easily and in small numbers at a unit cost not dissimilar to tiiat of a large 
run. M some embodiments a different size housing is required. The relative cost of 

20 the housing, however, is not substantive. 

Tabs 22 and 24 include respective centrally disposed apertures 27 and 28. These 
apertures receive respective conductive rods 29 and 30 for electrically interconnecting 
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like tabs. The rods are» in turn, electrically connected within housing 2 to respective 
electrodes 11 and 12. 

In some embodiments two adjacent electrodes 21 and 23 are folded together to 
reduce one dimension of the electrodes. This is particularly advantageous in 
5 circumstances where the packaging requirements are very specific, although a known 
capacitance is required. 

In another embodiment, a similar effect is achieved through use of two or more 
sheet electrodes, and one or more interaiediate separators, which are wound together 
in a spiral. The two sheet electrodes are longitudinally elongate and transversely 
10 ofi&et such that their opposed edges define the respective tabs. In this embodiment, 
the length of the sheet electrodes is tailored for the specific capacitance requirements. 
The manufacture of a supercsqpacitor of this kind will now be described in more detail. 
In other embodiments, such as that described with reference to Figure 1, a similar 
prq>aration and coating technique is used. However, as will be appreciated by the 
15 skilled addressee, the sheet electrodes of Figure 1 are stacked rather ihsax wound. 

The supercapacitor is of the double layer type and, for the spiral wound 
configuration, one preferred embodiment makes use of aluminium sheet electrodes 
that are 2500 mm long and 85 mm wide. The first step is the preparation of tiie 
coating mixture that contains: 
20 high sur&ce area carbon; 

conductive carbon; 
binder, 

a surfactant; and 
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water. 

Although the coatmg process makes use of a wire-bar technique it will be 
{predated by those skilled in the art tiiat other suitable techniques such as reverse 
roll, doctor blade or the like are also available. 

S Immediately after the coating procedure is finished, the electrode spools are 

placed in an oven to remove any remaining water and to cure the binder. This also 
prevents corrosion of the aluminium. The oven temperature is maintained in the range 
of 1 10 to 140 and preferably under a fan forced nitrogen atmosphere. The latter 
is to minimise oxidation. The curing time is at least 5 hours, althougfh in some 

10 cirouinstances it is left longer, such as twelve hours, wifliout any detriment Prior to 
removing the electrodes, the oven should be allowed to cool to room temperature to 
minimise oxidation. 

It is more convenient to coat the full width of the aluminium foil electrode and 
then sUt to the desired width rather than coat iiarrow widths of foil. Insome 
15 embodiments an uncoated edge is utilised and tiie carbon layer is applied accordingly. 

j 

Although the sheet electrode has only been coated on one side, in other 
embodiments it includes a coating on both sides. Howevor, in other embodiments, 
ra&er &an coatmg both sides, two sheets with a single sided coating are placed in a 
back to back configuration to define a double sided electrode. That is, the foil 
20 electrodes are adhered or otherwise secure together such that the respective caibon 
layer are outwardly facing and opposed to tiie carbon layers on adjacent electrodes. 

An offset is required betwem the two electrodes so that each end connection 
will only make witii one electrode. 
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In embodiments where the terminal is formed by spraying with almninium, a 
flat edge is used to bend the opposed free edges of each electrode over at 90^. This 
stops penetration of aluminium spray used in the formation of the terminal. This 
bending is conveniently performed using the flat end of a 20 cm spatula while the 
5 element is turning. In preferred embodiments approximately 1 to 2 mm of the edge of 
the electrodes are bent over. When looldhg at the element down the long axis, no g^s 
between electrodes should be visible. 

A more detailed description of the almninium spraying process is found in co- 
pending per application number PCT/AU98/00406 the details of which are 
10 incorporated herein by way of cross reference. 

Briefly, however, it will be noted that tiie aluminium metal spray is used to 
make electrical connection witii the windings. Because of the very high temperature 
of the flame a steady movement of the gun across the elements used, with no more 
than about 1 to 2 seconds on each element at a distance of about 20 cm from the tip of 
15 the gun. This movement is repeated three times before the elements are turned and the 
remaining side sprayed. This process is repeated as often as required until an 
uninterropted aluminium sur&ce is produced, interspersed with cooling poiods if the 
elements are hot to touch. It will be appreciated tiiat the certain separators have a low 
softening temperature and will shrink in the cross direction above that temperature. 
20 Once enough aluminium is built up, the ends are ground until a smooth flat 

area is obtained sufficient for the terminals to be attached. As a large amount of heat 
is generated during grinding care is taken not to overheat the capacitor. This flat area 
need not be as large as the whole end but is different for each end. The bottom end, 
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that is the end intended to be disposed furthest from top 7» is provided with an 
electrode which is welded with a flat tab that radially extends from the core. 
Accordingly, the flat area that is at least 10 nun wide and which has a smootii surface 
is needed from the core to the edge. The top end terminal is welded tangentially. 

5 midway between the core and the edge and so requires about one third or one half of 
the end to be smootii. 

Laser welding of the terminal tabs is then undertaken. The equipment was a 
Lasag Nd:YAG laser rated at 500 W continuous. At least two 8 mm rows of welds ^-^3 
mm apart were produced on each tab. The beam is moved at about 140 mm/min, and 

10 pulsed at 10 Hz with an energy of 29.5 Joules /pulse. 

Prior to the final placing of the now fomied capacitor element into the 
package, which is in the form of a metal can. Teflon insulators are placed between &e 
terminals and tiie top sprayed aluminium face to stop the terminal fix>m the bottom 
touching the top face and producing a short circuit This insulator is a 1 mm thick 

IS Teflon disk with a 3 mm hole punched in the center with a radial slit from this hole to 
the edge. This hole locates the insulator on the center terminal and prevents this 
tominal from touching the aluminium end connection. A circular disk of Teflon is 
also placed in the package to insulate the bottom of the element from the can. In most 
cases, polypropylene foam is disposed in the base of the can to hold the element in 

20 place. In other embodiments, however, use is made of a formed plastic locater. 

Once the capacitive element is in the can, a final drying step is carried out to 
remove any moisture. This is carried out in a vacumn oven at a maximum temperature 
of80°C. This low temperature avoids softening of the separator. The low 
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UsnaperBtme drying is carried out for about 12 hours using a rotary vacuum punq), 
enable of producing a vacuum of better than 1 SO Pa. 

Electrolyte is then added to the can so that the capacitive element, excluding 
the upwardly extending terminals, are completely covered. The pressure in the oven is 
5 gradually reduced to about S3 Pa such that air trapped in the carbon pores is removed. 
When the initial degassing has subsided, the vacuum is increased to 8 Pa. This process 
is facilitated by wanning the oven to 60 ^C. After about 30 minutes degassing should 
have substantially stopped and the oven is brought to atmospheric pressure with 
nitrogen. Thereafter tiie capacitors are rCTioved from the oven. More electrolyte is 
10 added and the process repeated until no more electrolyte is taken up. It is usual for 2 
or 3 cycles to be completed. Finally, any excess electrolyte is removed. 

The c^acitor is then completed by mounting the top on the temiinals. In Has 
embodiment the top is made of Bakehte, al&ough in other embodiments other 
materials are used. The top edge of the can is curled over the periphery of the top 
IS using a sealing tool in a small drill press at -100 rpm. 

Preferably, two types of carbon are used in the capacitor. First, a high sur&ce 
area or active caibpn and, secondly, a carbon such as a conductive caibon black. 
The electrodes are preferably almninium foil. 
The electrolyte, in this embodiment, consists of a I.O M solution of 
20 tetraethylammonium tetrafluoroborate (TEATFB) dissolved in propylene carbonate 
(PC). That is, 217 grams of TEATFB in 1 Utre of solution. The amount of water in 
file electrolyte is kept to an absolute minimum and preferably less than 50 ppm. 
Accordingly, anhydrous PC is used, such as that produced by Sigma Aldrich. 
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Moreover, the TEATFB is exhaustively dried prior to use. This drying is achieved by 
vacuum oven drying at 160^C for about six hours or such time that is sufficient to 
adequately reduce the moisture content. 

The TEATFB is slow to dissolve, and at room tenq)^ture it is not unusual to 
5 allow 24 hours for it to ftdly dissolve. The present preferred method, however, 

reduces this time by warming the solution to 50^C. To keep the moisture cont^t low, 
the prq)aration of electrolyte is performed inside a dry nitrogen glove box. 

The separator has desirable porosity, strength and thinness for use in the 
present invention. 

10 An alternative embodiment of the invention is illustrated in Figure 3 and Figure 

4. In this embodiment, the basic capacitive unit includes of two like sheet electrodes 
35 and 36 which, as best shown in Figure 4, are folded together. Each sheet electrode 
is rectangular and includes four adjacent edges 37, 38, 39 and 40. Extrading 
outwardly from edge 40 are two synunetrically spaced apart tabs 41 and 42 having 

IS respective apertures 43 and 44. These tabs function similarly to tabs 22 and 24 of 
Figure 2 in that they are connected together with a plurality of like tabs and 
collectively electrical joined to a terminal 1 1 or 12 of capacitor 1. 

In use, each of electrodes 35 and 36 are centrally folded about an axis 45 which 
is parallel to edges 37 and 39. As shown in Figure 4, each electrode is interleaved 

20 with the other such that edge 39 of each electrode Ues adjacent to axis 45 of the other 
electrode. Also included between each adjacent portion of the electrodes is a porous 
separator 46. It will be appreciated that the Figure 4 illustration is schematically 
represented to assist an understanding of the configvu^tion of this embodiment. In 
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practice tiie adjacent electrodes and separators are immediately adjacent eadi other 
raHiCT than flie spaced apart configuration shown in Figure 4. 

Electrodes 35 and 36 include on each side a layer of activated carbon that is 
^lied as described above. However, as would now be appreciated by those skilled 
5 in the art fhe winding sXep of the above method would be substituted with a folding 
and then a stacking of a predetermined plurahty of capacitive elements to provide 
sup«x:apacitor 1 with tiie desired electrical characteristics. 

Where use is made of a plurality of capacitive clients, a porous separator is 
disposed between adjacent elements to prevent electrical shorting. 
10 In some embodiments electrodes 35 and 36 are initially coextensively abutted 

with a separator and then folded together. 

In other embodiments edge 40 of one electrode lies adjacent to edge 38 of the 
other electrode such that tabs 41 and 42 extend away from each other. In some such 
embodiments each electrode is folded together with the other, and the intermediate 
15 sq)arator» along a pluraUty of axes, each of which is parallel and spaced apart fix>m 
axis 45. In still further embodiments the electrodes are folded along one or more axes 
which is or are normal to axis 45. In alternative embodiments electrode 35 and 36 
are folded along at least one axis parallel to axis 45 and at least one axis normal to axis 
45. 

20 To further illustrate the mvention and its applications it is useful to look at the 

theoretical and practical underpinnings of supercapacitor development. More 
particularly, it will be appreciated that the supercapacitors of the invention are cspable 
of being used in high power appUcations. The characteristics of such siq)ercapacitor 
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dictate the efficiency, size and mass required for the application. For a given mass or 
volume and capacitance it is the characteristic of electrical resistance (known as the 
equivalent series resistance or esr) which distinguishes high from low efficiency 
STq)ercapacitors. That is, for high power applications a low esr is desired to minimise 
5 losses. 

For any capacitor the electrical resistance can be lowered by increasing mass 
and volume. However, the desired result is a simultaneous decrease in resistance, 
mass and volume while maintaining capacitance. 

The factors that contribute to electrical resistance include: the intrinsic 

10 electrical conductivity of the carbon, for carbon based sii^ercapacitors; the interfacial 
resistance; the metallic electrode and connection resistance; and the electrolyte and 
separator resistance. Att^tx^ts have hem made to minimise these &ctors to achieve 
high efficiency operation. 

In a traditional capacitor, Ihe current flow is between two fiat electrodes 

15 separated by a dielectric. Although carbon based capacitors appear to be constructed 
in a similar fashion, the material between the metallic electrodes is not the dielectric, 
but the high surface area carbon^ electrol3^e and separator (the active materials). The 
dielectric is the nanometer tiiin layer of solvent at the carbon surface. As the current 
flows from the metaUic electrodes through these materials, their resistance must be 

20 minimised to reduce the esr of the capacitor. This is achieved by reducing the 

thickness of the active materials, for example by increasing the density of the carbon 
coating or using thinner coatings. Another approach along these lines is to use thiimer 
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separators. The reduction of fhickness also reduces the resistive component of the 
electrolyte by minimising the path through which the current must flow. 

Another means of reducing the resistance of the active mat^als is to use more 
conductive carbons and electrolytes. The combination of more conductive active 

S materials with thinner design allows higher powers to be achieved while maintaining 
or reducing the mass and/or voliune. 

The product of resistance and c£^acitance (RC), commonly referred to as the 
time constant, is frequently used to characterise capacitors. In an ideal capacitor, the 
time constant is frequency independent However, in carbon based supercs^acitors, 

10 both R and C are frequency dependent This arises from the microporous 

characteristics of high surface area carbons, and the nature of charge build up at the 
electric double layer on the carbon surface. The traditional method of measuring R 
and C for supercapacitors is to use a constant ciurent charge or discharge and to 
measure the voltage jump at the start or finish of the cycle, and the rate of change of 

15 voltage during the cycle respectively. This however effectively provides the R at high 
frequency and the C at low frequency. Another more suitable method is to measure 
the frequency response of the complex impedance and to model a sunple RC elCTient 
to the data. This provides an estimate of R and C across the frequency range that may 
or may not correlate with those measured using constant current techniques. Clearly, 

20 the use of RC time constant as a measure of capacitor suitability is subject to a large 
uncertainty. A more useftil technique has recently been proposed in which R and C 
are measured at the frequency at which the phase angle of current and voltage is -45^. 
The reciprocal of this frequency is the **response time" and is more clearly defined 
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Ihan otiier methods. Further, the capacitance at this frequency can then be used to 
calculate the energy and provide a Figure of Merit (FOM) when normaUsed with mass 
or volume. 

The theoretical maximum power available from any capacitor is the quotient of 
S tiie voltage squared over four times the esr. When normalised to mass or volume this 
provides the theoretical maximum power density in W/kg. Clearly the mayiTniim 
power can be increased by either decreasing the resistance (as shown above), 
increasing tiie operating voltage, or both. Increases in operating voltage can be 
achieved, without any change in the composition of the supercapacitor materials, by 
10 maximising the voltage window in which tiie c^acitor operates. In a supercapacitor 
with symmetrical caibon based electrodes, the voltage is equally distributed across 
both electrodes. During op^tion, the maximum capacitor voltage is limited by the 
breakdown voltage of the weakest electrode. A higher operating voltage can be 
achieved by tailoring the capacitance of each electrode to fully utilise the available 
IS voltage window. This is conveniently achieved by using different carbon loadings on 
each electrode. 

Aspects of the invention described in this specification allow targeted energy 
and power densities to be achieved by a novel supercapacitor design and the 
associated manufacturing process. One result is an extremely tiiin, high power 
20 capacitor suitable for mobile telecommunication appUcations. Another is suitable for 
load-leveling in hybrid electric vehicles. Specific examples of these will be further 
illustrated by the following description. 
EXAMPLES 
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Example 1 

As schematically shown in Figures 5 to 7, a supercapacitor 51 includes a first 
electrode in the form of a first plurality of spaced zpBtt rectangular aluminium sheets 

52. A second electrode in the form of a second plurality of spaced apart rectangular 
5 aluminium sheets 53 are interleaved with and opposed to sheets 52. A pluraUty of 

porous separators 54 are interposed between the adjacent sheets 52 and 53. A 
rectangular sealed plastic package 55 contains electrodes 52 and 53, separators 54 and 
an electrolyte 56 in which the electrodes are immersed. In this embodiment the 
electroljrte is acetonitrile with TEATFB. A rectangular tab 57 and a rectangular tab 58 
10 are integrally formed with and upwardly extend from respective ones of sheets 52 and 

53. Tabs 57 are abutted together and electrically connected to a terminal 59, while 
tabs 58 are abutted together and electrically connected to a terminal 60. This electrical 
coxmection is affected in this embodiment with ultrasonic welding. Both terminals 59 
and 60 extend firom package 55 to allow external electrical connection to the 

15 respective electrodes. 

Each of sheets 52 and 53 have a width of about 70 mm» a height of about 170 
mm and a thickness of about 20 microns. In this particular embodiment use is made 
of fiifty of each of sheets 52 and 53, in that there are 1 00 sheets in total. This provides 
a total electrode area of 5950 cm^. 

20 As shown in the drawings, sheets 52 and 53 are each coated on a single side only 

with an activated carbon layer 62, as described with reference to the earlier 
CTabodunents. Where appropriate two like sheets are abutted back to back to provide 
outwardly facing activated carbon layers that are opposed by like carbon layers on the 
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other of the sheets. In this embodiment layer 62 is substantially unifomi across the 

sheets and has a thickness of about 36 microns. 

Package 55 has a rectangular prismatic form made fix>m ABS having external 

dimensions of about 1 7 mm by 1 10 mm by 190 mm. Where terminals 59 and 60 
5 extend through the package appropriate sealant 61 is used to prevent egress of 

electrolyte 56 from package 55 or, also importantly, the ingress of air, moisture or 

other contaminants into package 55. 

As will be appreciated by those skilled in the art separator 54 maintains the 

opposed layers 62 in a spaced apart configuration to prevrat electrical conduction 
10 therebetween. However, separators 52 do allow movement of the ions within the 

electrolyte between layers 62. In this particular embodiment separators 54 are folded 

around back to back pairs of sheets 53 . 

Supercapacitor 51 is rated at 2.5 Volts and provides a nominal cq)acitance of 

270 Farads. Importantly, however, the overall weight, including the electrolyte and 
IS packaging, is 295 grams. Utilising these figures, in combmation with a measured To 

of 1 second provides a gravimetric FOM of 2.2 Watts/gram and a volumetric FOM of 

1.6Watts/cm^ 

When utilising the simple RC model the equivalent series resistance is about 1 m£l 
and the RC time constant is about 280 ms. 
20 Example 2 

Another specific exanq>le of a supercapacitor 71 made in accordance the 
invention is schmiatically illustrated in Figures 8 and 9. In these Figures 
corresponding features are draoted by corresponding reference numerals. 
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Each of sheets 52 and S3 have a width of about 40 mm, a height of about 40 mm 
and a thickness of about 20 microns. In this particiilar embodiment use is made of 
forty of each of sheets 52 and 53» in that thero are eighty sheets in total. This provides 
a total electrode area of 640 cm^. 

5 In this embodiment layer 62 is again substantially uniform across the sheets and 

has a thickness of about 36 mio-ons. 

Package 55 has a rectangular prismatic form made from ABS having external 
dimensions of about 10 mm by 50 mm by 50 mm. 

Supercs^acitor 71 is rated at 2.5 Volts and provides a nominal capacitance of 30 

10 Farads. The overall weight, including the electrolyte and packaging, is 25 grams. 
Utilising these figures, in combination with a measured To of 0.48 second provides a 
gravimetric FOM of 2.71 Watts/gram and a volumetric FOM of 2.71 Watts/cm^. 
When utilising the simple RC model the equivalmt series resistance is about 4 mQ 
and the RC time constant is about 120 ms. 

IS Example 3 

Another specific example of a supercapacitor made in accordance the invention 
is of the same constmction of that shown in Figures 8 and 9. However, in this 
embodiment use is made of twoity of each of sheets 52 and 53, in that there are forty 
sheets in total. This provides a total electrode area of 320 cm^. 
20 In this embodiment layor 62 is again substantially imiform across the sheets and 

has a fluckness of about 12 microns. 

Package 55 has a rectangular prismatic form made from ABS having external 
dimensions of about 5 mm by 50 nun by 50 mm. 
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The supercapacitor of this example is rated at 2.5 Volts and provides a nominal 
capacitance of 10 Farads. The overall weight, including the electrolyte and packaging, 
is 1 7 grams. Utilising these figures, m combination with a measured T^ of 0,1 1 
seconds provides a gravimetric FOM of 2.64 Watts/gram and a volumetric FOM of 
5 3.00Watts/cm^ 

When utiUsing the simple RC model the equivalent series resistance is about 5 mQ 
and the RC time constant is about 50 ms. 
Example 4 

There is shown in Figures 10, 1 1 and 1 1 A a supercapacitor 81, where 
10 corresponding features are denoted by corresponding reference numerals. As with the 
otiier examples described above, use is made of sheet electrodes. However, these 
sheets are contained within a package 82 the size of a credit card or smart card. 

Each of sheets 52 and 53 have a width of about 40 mm, a height of about 65 mm 
and a thickness of about 20 microns. In this particular embodiment use is made of 
IS three of each of sheets 52 and 53, in that there are six sheets in total. This provides a 
total electrode area of 78 cm^. 

Again, layer 62 is substantially uniform across the sheets and has a thickness of 
about 12 mioons. 

Package 55 has a rectangular prismatic form made fix>m PVC sheets and having 
20 external dimensions of about 2 mm by 54 mm by 86 mm. 

Supercapacitor 81 is rated at 2.5 Volts and provides a nominal capacitance of 0.3 
Farads. The overall weight, including the electrolyte and packaging, is 12 grams. 
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Utilising tiiese figures, in combination wifh a measured of 0.037 seconds provides a 
gravimetric FOM of L27 Watts/gram and a volumetric FOM of 1.68 Watts/cm^ 
When utilising the simple RC model the equivalent series resistance is about 22.5 mQ 
and the RC time constant is about 6.3 ms. 
5 Example 5 

A multiple charge storage device in the form of a supercapacitor 90 is 
schematically illustrated in Figure 18. Supercapacitor 90 includes a first sheet 
electrode which is collectively defined by aluminium sheets 94 and 96. in other 
embodiments a single folded sheet is used. It will be ^predated by those skilled in 

10 the art that a single sheet could also be used. 

Both sheets 94 and 96 are electrically connected to a first terminal (not shown). 
Sheet 94 includes a first coating 95 on one side thereof, while the opposite side of 
sheet 96 includes a second coating 97. The first coating is of a first predetermined 
thickness and the second coating is of a second predetemnned thickness which is 

15 different firom the first thickness. A second sheet electrode 98 is electrically 

connected to a second terminal 92 and is disposed adjac^t to the one side of electrode 
94. Also, electrode 98 includes a third coating 199 on one side thereof of a third 
predetennined thickness whidi is equal to the first predetermined thickness. Coating 
199 is opposed to coating 95. A tiiird electrode 200 is electrically connected to 

20 tominal 92 and is disposed adjacent to sheet 96. Electrode 200 includes a fourth 
coating 201 on one side thereof which is of a fourth predetermined thickness. 
Moreover, coating 201 is opposed to coating 97. As with other embodiments, a 
plurahty of porous separators are disposed between respective adjacent electrodes. 
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Additionally, siq)ercapacitor 90 includes a package 91 for containing tbe electrodes, 
the one or more separators and an electrol3rte and through which the terminals extend 
to allow external electrical connection to the respective electrodes. 

All the coatings of this embodiment utilise the same formulation. The differing 
5 thicknesses, however, provide supercapacitor 90 with a multiple time constant given 
that the t^o capadtive cells making up the siq)ercapacitor are in parallel with each 
other. In this case, a cells are defined by the respective opposed and adjacent carbon 
coatings. 

In other embodiments the thicknesses of the coatings are the same and tiie 
10 formulation of the coating varies between cells to provide a difference in capacitance. 
This, in tum, provides a multiple time constant supax:apacitor. 
Example 6 

An altemadve multiple charge storage device in flie form of supercapacitor 99 
is schematically illustrated in Figure 19. This supercapacitor includes a first sheet 

15 electrode 100 which is electrically connected to a first terminal (not shown) and which 
includes a first coating 102 on one side thereof having a first predetemiined thickness. 
A second sheet electrode 103 is electrically connected to a second terminal (not 
shown) and is disposed adjacent to electrode 100. The second electrode includes a 
second coating 106 on one side thereof having a second predetemiined tiiickn^. As 

20 shown, coating 106 is opposed to coating 102. 

A porous separator 54 is disposed between the adjacent electrodes for 
maintaining those electrodes in a fixed spaced apart configuration. Additionally, a 
package 105 contains the electrodes, the separator and an electrolyte, whereby the 
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tenninals (not shown) extend from the package to allow external electrical connection 
to the respective electrodes. 

This arrangemmt of a varying caifoon thickness across &e separate electrodes 
also provides a multiple time constant supercsqpacitor. 

5 For convenience, the electrode pair shown in Figure 1 9 is defined as a cell. In 

other embodiments, use is made of a plurality of like cells stacked together and 
connected in parallel to provide the desired capacitance. Preferably, also, the cells are 
stacked such that the thinner end and the thicker end of one cell are juxtaposed to the 
respective thicker end and the thinner end of at least one adjacent cell. 

10 In other embodiments use is made of constructions similar to that of the above 

examples but with different physical parameters to provide different characteristics. 
Some exanq)les of such alternative physical parameters and resultant characteristics 
are shown in the Table of Figure 17 and Figure 20. For ease of reference. Figure 12 
provide a graphical representation of the gravimetric FOM v^-sus Tq for the exanq>les 

15 of the invention Usted in Figure 17, where the respective locations of the 

siq>ercapacitors on the reference plane are represented by numerals corresponding to 
the item number in the Table of Figure 1 7. Figure 13 provides a corresponding 
representation for the example supercapacitors showing volumetric FOM versus Tq. 
The supeicq)acitor shown as Item 12 in Figure 17 includes a parallel 

20 combination of pairs of capacitive cells tiiiat are connected in series. Accordingly, the 
nominal operational voltage is 5 Volts. In other embodiments more than two 
capacitive cells are coimected in series to provide a higher operating voltage. 
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It is also useful to characterise the capacitors of the preset invention with 
criteria more commonly used in the field More particularly, the maximum power 
(Pimx) available fiom a supercspadtor has been calculated with the formula: 

P^ = VV4R 

5 where V is the maximum operatmg voltage of the c^acitor and R is the resistance 
detomined from the simple RC model of the capacitor. 

The Pmax values for the examples in Figure 17 have been calculated and divided, 
on the one hand by the mass of tiie respective devices to provide a gravimetric 
and, on the other hand, by the volume of the respective devices to provide a 
10 volumetric P„,ax- These values have then been plotted in Figures 14 and IS 
respectively against time constants. 

As particularly illustrated in Figures 12 to 15 inclusive, the superc^acitors 
described m the examples above provide extremely advantageous pulse power load 
charactmstics. That is, a low response time T^ and time constant ensures good 
IS transient response to high frequency loads, as are encountered in qjplications where 
switching or pulsing of the load occurs. This, in combination with the high 
gravimetric FOM and P,mx> and the high volumetric FOM and provided in the 
exanq)les, allow &e invention to be applied to a broad range of applications. To 
illustrate diis point, the supercapacitor of Example 1 is intended primarily for high 
20 power automotive q>plication5 to £acilitate regenerative breaking and tibe provision of 
high torque over short time periods, and tiie necessity for correspondingly high current 
loads. The siq)ercapacitor of Example 4, however, is primarily intended to be used in 
parallel with a mobile telephone battery. 
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The graphs of Figures 12 to IS each include two unbrokoi lines, which extend 
across the upper regions of die ranges shown. In each case the lines represent the 
theoretical upper limit of the various parameters being illustrated for the examples 3 
and 12 shown in Figure 1 7. For a given combination of features and the given 

S formulation of the carbon coating, there will be a theoretical maximum where the 
volume or mass contribution of the packaging to the overall device is small. For other 
formulations the theoretical maximum will diffi^. 

With the benefit of the teachiug herein the skilled addressee would appreciate 
that the invention is also advantageous in that various parameters of the supercapacitor 

10 are easily tailored to meet the specific requirements of any particular application. That 
is, the invoition is particularly suited to scaling. By way of example, Figure 16 shows 
various calculated characteristics for a number of other embodimwts of the invmtion. 
This illustrates that for a given formulation, thiuner layers higher provide higher 
power densities and figures of merit, as well as lower time constants and response 

IS times. 

It will be understood that the unbroken lines included in the Figures represent 
the limit for the two given formulations. However, there are other formulations which 
provide an extended range of operability and allow high^ figures of merit and power 
densities, as well as lower time constants, to be achieved. 
20 The calculations in Figure 16 are based on the resistance of the devices being 

comprised of the resistance of: 

1. the terminals; 

2. the aluminium electrodes; 
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3. the electrode/caibon inter&ce; 

4. the caibon inter-particle int^ace; 

5. the electrolyte in the caibon layer; and 

6. the electrolyte in the separator. 

The present invention makes use of this model to optimise the various 
resistances while still providing a high Capacitance, high figures of merit, higfh power 
densities and a desired response time. 

The gravimetric FOM is e?q)ected to scale as the gravimetric power density, 
and the volmnetricFOM is expected to scale as the volumetric power density. These 
latter quantities are proportional to: V^; 1/R and either 1/mass or 1 A^olume, Thus, for 
a given voltage optimised for the application, an increase in FOM comes througih 
decreasing R, decreasing mass and decreasing volume. For a given formulation and 
given thickness of coating R is essentially proportional to the inverse of the electrode 
area. For minimal packaging mass or volume, the mass and volume are proportional 
to the electrode area. Thus making a **biggef * device will only marginally increase the 
FOM due to less packaging. Hence, for a given size of device, the resistance is 
minimised by decreasing the thickness of the coating consistent with the time constant 
or response time desired for the device. The cq>acitance of the device is then 
determined by the selection of the mix of caibons and the formulation of the coating 
material. 

The inventors also believe that the superior performance of siq)ercapacitors of 
the present invention is contributed to by the improved conductivity between 
individual carbon particles resulting fi-om the use of the mixture of carbon particles 
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and protonated caiboxy methyl cellulose (CMC). Without wishing to be bound by 
theory, it is believed that such improved conductivity is the result of a number of 
factors such as increased packing density of individual carbon particles; increased 
migration of electrolyte into intra-molecular spaces on the surface of the individual 

S carbon particles; and an overall reduction in the size of the interface region between 
the carbon particles and electrolyte. It is believed that a mixture of high surface area 
carbon and highly conductive carbon optimises these effects. 

Further, the relative insolubility of protonated CMC contributes to an increased 
overall life of tiie supercq)acitors of tiie preset invention. 

10 It will be appreciated that the term ^immersed*' or like terms, unless explicitly 

noted otherwise, when used in reference to the disposition of the electrodes in the 
electrolyte is intended to include not only those supercapacitors where an excess of 
electrolyte is used, but also those wh^e the quantity of electrolyte is sufficient to oidy 
wet the electrodes. That is, the quantity of electrolyte need be sufficient to allow 

IS operation of the supercapacitor. 

It will also be appreciated that alfliough the above examples are primarily 
concerned with discrete cells, the invention is also applicable to bipolar 
configurations. 

Moreover, it will be appreciated that the term ''organic electrolyte" or like terms 
20 refer to an electrolyte in an organic solvent. 

For comparative purposes Figure 17 provides a Table showing parameters of 
supercspadtors of the present invention as well as some prior art supercapacitors. 
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ReferriBg to Figure 21, a charge storage device 301 includes a sealed prismatic 
housing 302. Two opposed folded rectangular aluminium electrodes 303 and 304 are 
disposed within housing 302 and connected to respective metal terminals 305 and 306 
for allowing external electrical connection to the electrodes. A SoliqK)r™ sheet 
5 separator 307 is disposed intemiediate electrodes 303 and 304 for maintaining those 
electrodes in a fixed spaced apart configuration. An electrolyte (not shown) is also 
disposed intermediate the electrodes. 

Separator 307 is formed in a "pocket" configuration, wherein it is folded back 
yspon itself and the transverse ends secured together for providing an opening 308 
10 between the transverse ends. For ease of illustration, separator 307 is shown as having 
two fold lines. In practice, however, a single fold line is used as the sq)arator is 
abutted directly against the opposed electrodes. The porous nature of the separator 
allows the movement of ions in the electrolyte between the electrodes. 

Each electrode is formed from a single like alimiinium sheet having at least one 
15 tab 309 which is electrically engaged with the respective terminals 305 and 306. The 
electrodes are folded into the overlapping and nested configuration shown in the 
drawing. Again, it will be appreciated that for ease of illustration electrode 304 is 
shown with two fold lines. In practice, however, a single fold is made as this 
electrode is abutted directly against separator 307. 
20 Electrode 303 is received within opening 308 and enveloped by separator 307 

such that only tab 309 extends from the ^"pockef ' or pouch. This electrode and 
separator combination is then inserted into the folded electrode 304 to complete a 
siugle capacitive cell. While in this embodiment only a single cell is illustrated, in 
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Other CTibodiments use is made of two or more such cells. The electrode area of the 
electrodes is about 102 on which provides a nominal capacitance of about 28 Farads 
at 2.5 Volts. 

Each of electrodes 303 and 304 includes a high surfiEu^e area coating 3 10 of 
5 activated carbon. This coating is of a predetermined thickness and includes a binder 

to facilitate intimate engagement between the carbon and the electrodes. 

As terminals 305 and 306 extend from the inside to the outside of housing 302 

they are sealingly engaged intermediate titieir respective ends with die housing. In this 

embodiment the sealing engagement is effected by two rubber grommets 311 and 312. 
10 In other embodiments use is made of grommets constructed from other materials or 

combinations of materials. For example, some devices make use of silicon sealing 

compounds and adhesives. 

Electrode 303 and 304 will now be described in more detail with reference to 

Figures 22 to 24. More particularly, and as best shown in Figure 23, electrode 303 is 
IS substantially rectangular and includes two rectangular sub-sheets 315 and 316. The 

sub-sheets are integrally formed and symmetrical about a fold line 317 vAnoh defines 

a common edge 318. Sheets 315 and 316 include respective integrally formed 

rectangular sub-tabs 319 and 320 which, as shown in Figure 24, abut to collectively 

define tab 309. 

20 Sheet 315 includes two spaced apart and parallel edges 321 and 322 which 

extend away normally fix>m edge 3 1 8. A fiirdier edge 323 extends between edges 321 
and 322. As also shown in Figure 23, tab 3 19 extends from away from edge 323 
adjacent to where that edge meets with edge 322. Similarly, sheet 316 includes two 
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spaced apart and parallel edges 325 and 326 which extend away normally from edge 
3 1 8. A further edge 327 extends between edges 325 and 326. Similarly also, tab 320 
extends from away from edge 327 adjacent to where that edge meets widi edge 326. 
Electrode 303 is coated on one side only with the activated carbon and then 
S folded about line 317 such that the coated side is outwardly facing, as shown in Figure 
21. 

Blectrode 304 is the same as electrode 303 only that it is interleaved in the 
opposite sense so that the respective tabs 309 are ispaced apart This will be described 
in further detail below. For convenience, corresponding features of the electrodes will 
10 be designated with corresponding reference numerals. 

Separator 307 is shown, not to scale, in plan in Figure 22 and includes two 
rectangular sub-sheets 33 1 and 332 which are integrally formed along a common edge 
333. This edge also defines a fold line 334. Sheet 331 also includes two spaced apart 
and parallel edges 335 and 336 which extend away normally &om edge 333. A free 
15 edge 337 extends betwera edges 335 and 336. Similarly, sheet 332 includes two 
spaced apart and parallel edges 339 and 340 which extend away normally from edge 
333. A free edge 341 extends between edges 339 and 340. 

During manufacture, electrode 303 is folded about line 317 such that tiie coated 
sides of sheets 315 and 316 are opposed and outwardly facing. Additionally, tabs 319 
20 and 320 are abutted. Separately, separator 307 is folded about line 334 such that 
edges 335 and 339 are parallel and abutted together, edges 336 and 340 are parallel 
abutted together and edges 337 and 341 are parallel and adjacent to one another. 
Thereafter, edges 335 and 339 are joined together and edges 336 and 340 are joined 
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together. In some embodimeats tiiis is achieved with adhesive, while in other 
embodimrats heat welding or other heat treatment is utilised. In still iiirther 
embodiments the edges are not joined. 

As best illustrated in Figure 24, electrode 303 is then nested within the ^"pouch" 
5 or ""pocket^ formed by separator 307. As shown, tiie separator envelopes substantially 
all of electrode 303 and, as will be described below, maintains electrodes 303 and 304 
in a spaced apart configuration. Tab 309 extends outwardly beyond adjacent edges 
337 and 341 to allow its electrical comiection to temiinal 305* For ease of illustration, 
in Figure 24 the separator 307 is shown with edges 336 and 340 joined by way of heat 
10 welding, while edges 335 and 339 are adjacent, although not yet joined. 

Electrode 304 is then formed by folding a like coated sheet to that y/bich forms 
electrode 303. More particularly, the fold is made along fold line 318 such that that 
the coated sides of sheets 315 and 316 are opposed and inwardly facing. Additionally, 
tabs 319 and 320 are adjacent to each other and opposed. The assembly of Figure 24 
IS is thm nested within electrode 304, as best illustrated in Figure 25, such that the 

respective tabs 309 of the electrodes are spaced s^art. Tabs 319 and 320 of electrode 
304 are then abutted and secured to terminal 306 to allow external electrical 
connection with the electrode. 

The electrode assembly of Figure 25 is refrared to as s single cell and, as would 
20 be appreciated by a skiUed addressee fix)m the teaching herein, a plurality of the cells 
are able to be connected in parallel to proportionally increase the capacitance of 
supercapacitor 301 . In other mibodiments, a plurality of the cells are stacked in 
parallel such that the respective tabs 309 for like electrodes 303 and 304 form two 
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spaced apart stacks of like tabs. The tabs in each stack are then clanq)ed together and 
the stacks electrically connected to respective terminals 305 and 306. 

The preferred embodimrats of the invention use a non-aqueous electrolyte to 
achieve high energy densities. Surprisingly, however, th^ are also able to achieve 
S high pov/cr densities and FOM's in spite of the conventional wisdom to the contrary 
for this type of electrolyte. This result is achieved in the preferred embodiments 
through a concerted efifort to reduce the overall resistance of the siq)erc^acitor. The 
use of ihe following features contribute to this result: 

• a thin highly porous separator to minimise the length of the current padi, and hmoc 
10 the resistance, offered by the electrolyte; 

• tiiin layers of high surface area carbon (Less than about 100 microns thick) for 
providing a short current path through the carbon to the aluminium electrode while 
still providing a high capacitance per unit volume; 

• a blend of carbons including conductive carbon black for improving the 
IS conductivity of the carbon layer, and 

• an electrolyte including a high concentration of salt (in the order of 1 .0 Molar). 

In some embodiments the thickness of each carbon coating, including tiiie binder, 
is less than 100 microns. For tiie examples shown in Figures 17 and 20 the respective 
carbon coating thickness^ are specified. With the exception of tiie 6 micron coatmg, 
20 the carbon particle diameter is a nominal 6 to 8 microns. However, for the 6 micron 
coating use is made of similar size particles that are ground to a nominal diameter of 2 
microns. In embodiments wh^ use is made of smaller nominal diameter carbons, the 
coatmgs are thinner agaiiL 



wo 00/34964 PCT/AU99/D1081 

-63- 

The conventioiial wisdom has been to utilise relatively tiuck catbon coatings to 
provide a greater c^acitance per unit volume. Such coatings are in &e order of about 
150 microns or greater. However, it has been discovered that thinner coatings, as used 
in tiie described embodiments, allows a reduced esr as the lengdi of the currrat path 
through the caifoon coating is small. The thin coatings also have a positive 
contribution to a high FOM's as diey occupy less volume than the thicker coatings 
eiiq)loyed in prior art devices. Surprisingly, however, the devices according to the 
preferred embodiments of the invention still provide relatively high capacitance as the 
available surface area r^nains relatively high due to the use of an activated cazbon and 
a protonated binder. 

While not wishing to be limited by theory, it is presmtly understood, when 
thinner coatings are used, that another mechanism comes into play. More particularly, 
the activated caibon used in the preferred embodiments results in interparticle voids in 
the caibon coating. These voids are typically labrintiiine in character. For prior art 
coatings having a thickness which is significantly greater than the carbon particle size, 
flie impedance of the coating is high. However, for the coatings of the preferred 
embodiments, where tiie coating thickness is the same order of magnitude as flie 
carbon particle size, the effect of the interparticle voids is minimal on tbe impedance. 
That is, it has been discovered that there is a strong relationship between the size of 
die active caibon particle, the thickness of the caibon lay^ and the resultant 
impedance provided by tiiat layer. 
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Preferred embodiments of the invention make use of tiunner carbon coatings to 
take advantage of this relationship and thereby achieve greater capacitances per miit 
volmne, and hence higih FOM's. 

The volmne and mass measurements for determining FOM*s take into account 
5 the packaging in which the electrodes, the separator and electrolyte are contained. The 
high FOM's achievable with tiie described embodiments of the invention are also 
contributed to by the packaging itself and the compact method of disposing the 
separate componrats within the packaging. 

For the larger supm^apacitors constructed in accordance with the invention it is 
10 known to use heavier and bulkier packaging than is absolutely necessary and still 
achieve relatively high FOM's. For example, in cases where it is desirable to have 
highly robust packaging for op^ation in hostile enviromnents some compromise in 
FOM is tolerated. However, for these largCT devices, the relatively high FOM's are 
still possible due to tiie packaging contributing proportionally less to the overall 
15 volume or weight of flie device. 

For some of the smaller devices, the high FOM's are achieved, in part, ftroug^ 
use of flexible multi-layer plastics packaging. Examples of such packing are disclosed 
in the co-pending International Patent .^iplication no. PCT/AU99/00780 in the name 
of the present iqpplicants. The disclosure within that PCT s^lication is incorporated 
20 herein by way of cross refraence. 

Although the invention has been described with reference to specific examples it 
will be s^reciated by those skilled in the art that it may be embodied in many othCT 
forms. 



